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(54) Electrode base material for fuel cell 

(57) Disclosed are a carbon porous membranous 
structure having fine interconnecting pores an average 
diameter of which is 0.05 to 1 0 |iim and a porosity of 1 5 
to 85% and a metal-dispersed carbon structure compris- 
ing that carbon porous membranous structure having 
dispersed therein fine particles of at least one kind of a 



metal and an alloy. The carbon porous membranous 
structures are useful as a component of fuel cells, par- 
ticularly as an electrode base material of gas diffusion 
electrodes for solid polymer electrolyte fuel cells and 
phosphoric acid fuel cells. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention: 

[0001] The present invention relates to a component 
of a fuel cell, particularly an electrode base material suit- 
able for making a gas diffusion electrode to be used in 
fuel cells, such as solid polymer electrolyte fuel cells and 
phosphoric acid fuel cells, and a fuel cell comprising the 
base material. 

Description of the Related Art: 

[0002] In recent years fuel cells are being developed 
and put to practical use. The state-of-the-art fuel cells 
include a solid polymer electrolyte fuel cell comprising 
a solid polyelectrolyte layer, a gas diffusion electrode 
made of a porous carbon fiber plate having a thickness 
of 0.1 to 0.3 mm made by papermaking technology and 
having a platinum catalyst supported on the surface 
thereof as an electrode catalyst which is disposed on 
both sides of the polyelectrolyte layer, and a dense car- 
bon plate having a thickness of 1 to 3 mm and having 
gas flow channels on its surface which is disposed on 
each gas diffusion electrode as a separator; and a phos- 
phoric acid fuel cell comprising an electrolyte layer 
made of a phosphoric acid holding member in which 
phosphoric acid is held, a gas diffusion electrode made 
of a porous carbon fiber plate having a thickness of 0.1 
to 0.3 mm made by papermaking technology and having 
a platinum catalyst supported on the surface thereof 
which is disposed on both sides of the electrolyte layer, 
and a separator having a thickness of 1 to 3 mm and 
having gas flow channels on its surface which is dis- 
posed on each gas diffusion electrode. Such fuel cells 
having platinum catalyst-loaded carbon electrodes are 
disclosed, e.g., in JP-A-9-1 53366 and JP-A- 
2000-215899. 

[0003] A base material of the gas diffusion electrodes 
used in the solid polymer electrolyte fuel cells and the 
phosphoric acid fuel cells is required to have (1) high 
ability to distribute gases so as to supply a fuel gas and 
an oxidant gas to reaction sites uniformly and easily and 
to discharge a drain gas, such as water, easily, (2) ex- 
cellent electrical and physical properties such as elec- 
trical conductivity, thermal conductivity, mechanical 
strength, and anticorrosion, and (3) small contact resist- 
ance when joined with an electrolyte layer and a sepa- 
rator to secure high electrical conductivity through the 
contact interfaces. 

[0004] Base materials that have been used in the 
above-described gas diffusion electrodes include those 
prepared by impregnating a carbon fiber web made by 
a papermaking technique with a phenolic resin, etc. and 
thermally forming the impregnated carbon fiber web into 
a sheet form by means of a hot press, etc. so that the 



phenolic resin is carbonized, and the carbon fibers are 
bound with the carbonized phenolic resin. 
[0005] The conventional electrode base materials 
have a porous network structure fabricated of carbon 
5 fibers having a diameter of about 7 jum or greater. There- 
fore, they cannot be seen as satisfactory in uniform gas 
distribution over a large active area, having liability to 
allow gas to take a shortcut. Since carbon fibers in these 
electrode base materials are in point contact with each 
10 other, it is difficult to improve electrical and thermal con- 
ductivities. When the gas diffusion electrode of this type 
is combined with an electrolyte layer and separators into 
a unit cell, every interface also has a point contact, re- 
sulting in increased contact resistance and heat loss. It 
15 has been suggested to use finer carbon fibers to in- 
crease the contact points thereby to reduce the contact 
resistance. However, an electrode base material made 
up of fine fibers is apt to undergo fiber cutting and fall- 
off by the reactant gases or drain gas. 
[0006] In order for a fuel cell to have high performance 
with a high power generation efficiency and excellent 
durability, it is required to have reactant gases distribut- 
ed uniformly to cause uniform electrode reactions over 
the entire active area of the electrodes, to reduce the 
internal resistance of a cell, and to let heat generated 
from the electrode reactions be dissipated efficiently. To 
meet these requirements, it has been demanded to de- 
velop an electrode base material which is capable of uni- 
form gas distribution, exhibits high electrical and thermal 
conductivities and, in particular, is successful in reduc- 
ing the contact resistance or the heat loss in the inter- 
faces. 

[0007] Powdered carbon materials such as carbon 
black have hitherto been employed as a carbon carrier 
supporting a noble metal catalyst. Electrodes which is 
a constituent component of the reaction site of the solid 
polymer electrolyte fuel cells have also been prepared 
from paste comprising noble metal-loaded carbon pow- 
der, a binder (e.g., a resin), and a solvent (see, for ex- 
ample, JP-A-5-36418). Starting with a powdered mate- 
rial, however, structural controllability of an electrode to 
be prepared is limited, which has made it difficult to fab- 
ricate a carrier structure with which an expensive noble 
metal catalyst can be made effective use of. 

SUMMARY OF THE INVENTION 

[0008] A first object of the present invention is to pro- 
vide an electrode base material for fuel cells which is a 
carbon membranous structure having a porous struc- 
ture with specific fine interconnecting pores and a 
smooth surface on both sides thereof except for the pore 
openings, which is capable of uniform gas distribution 
over a large area without allowing gas to take a shortcut, 
which has high electrical and thermal conductivities, and 
in particular which involves a reduced contact resist- 
ance or a reduced heat loss when assembled into a fuel 
cell. 
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[0009] A second object of the invention is to provide 
a metal powder-loaded carbon porous structure, partic- 
ularly an electrode of fuel cells, and to provide an elec- 
trolyte membrane-electrode assembly (hereinafter re- 
ferred to as MEA) having the metal-loaded carbon po- 
rous structure which is capable of controlling transport 
passages for electrons, reactant gases, and protons 
and will promise high performance to fuel cells. 
[0010] The first object of the invention is accom- 
plished by an electrode base material for fuel cells which 
is a carbon porous membranous structure having fine 
interconnecting pores an average diameter of which is 
0.05 to 10 |um and a porosity of 15 to 85%. 
[0011] In preferred embodiments of the electrode 
base material, the carbon membranous structure has a 
smooth surface on both sides thereof except for pore 
openings; the carbon membranous structure has a 
graphitization degree of 20% or more; the carbon mem- 
branous structure is obtained by carbonizing a highly 
heat-resistant porous polymer film having a glass tran- 
sition temperature of 250 to 600°C by heating in an ox- 
ygen-free atmosphere; the carbon membranous struc- 
ture is obtained by carbonizing a stack of a plurality of 
the highly heat-resistant porous polymer films by heat- 
ing in an oxygen-free atmosphere; the highly heat-re- 
sistant polymer is a polyimide; and the carbon membra- 
nous structure has functional groups bonded to the sur- 
face thereof. 

[0012] The second object of the invention is accom- 
plished by a metal-dispersed carbon porous membra- 
nous structure which comprises a carbon porous mem- 
branous structure having fine interconnecting pores an 
average diameter of which is 0.05 to 10 jum and a po- 
rosity of 15 to 85%, preferably 25 to 85%, and fine par- 
ticles of at least one metal or alloy dispersed in the struc- 
ture. 

[0013] In preferred embodiments of the metal-dis- 
persed carbon porous membranous structure, the fine 
particles have an average particle size of 1 to 1 0 nm; at 
least one metal or alloy is a noble metal or an alloy con- 
taining a noble metal; the carbon porous membranous 
structure has functional groups bonded to the surface 
thereof; the metal-dispersed carbon porous membra- 
nous structure is obtained by subjecting the functional 
groups to ion-exchange with at least one kind of metal 
complex cations and then reducing thereby making the 
metal fine particles be dispersed in the membranous 
structure; and the metal complex cations are noble met- 
al complex cations. 

[0014] The present invention also provides an elec- 
trode for fuel cells having the above-described metal- 
dispersed carbon porous membranous structure. 
[0015] The present invention further provides an 
membrane-electrode assembly (M EA) for fuel cells hav- 
ing the above-described electrode for fuel cells as a con- 
stituent component. 

[0016] The present invention furthermore provides a 
fuel cell having the above-described electrode for fuel 



cells as a constituent member. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 [0017] The present invention will be more particularly 
described with reference to the accompanying draw- 
ings, in which: 

Fig. 1 is a scanning electron microscopic photo- 
10 graph (SEM image) taken of the surface of the car- 
bon porous membranous structure prepared in Ex- 
ample 1 ; 

Fig. 2 is an SEM image taken of a section of the 
carbon porous membranous structure of Fig. 1 ; 
15 Fig. 3 is an SEM image of the platinum-loaded car- 
bon porous membranous structure prepared in Ex- 
ample 1 ; 

Fig. 4 is a transmission electron microscopic pho- 
tograph (TEM image) of the platinum-loaded car- 
20 bon porous membranous structure shown in Fig. 3; 

Fig. 5 is a transmission electron diffraction (TED) 
image of the platinum-loaded carbon porous mem- 
branous structure shown in Fig. 3; and 
Fig. 6 is an SEM image taken of the surface of the 
25 post heat-treated platinum-loaded carbon porous 
membranous structure prepared in Example 4. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

30 

[0018] The electrode base material for fuel cells ac- 
cording to the present invention is a carbon membra- 
nous structure having a porous structure with fine inter- 
connecting pores. The terminology "interconnecting 

35 pores" as used herein are so-called open cells which 
connect one surface of the membranous structure to the 
other surface. The substance between adjacent pores 
serves as a non-porous wall. The interconnecting pores 
extend from one surface to the other of the structure 

40 while winding. Therefore, gas supplied to the membra- 
nous structure is guided by the non-linearly extending 
interconnecting pores serving as passageways and is 
not allowed to take a shortcut across the surrounding 
wall. 

45 [0019] The both sides of the carbon porous membra- 
nous structure are flat and smooth except for the end 
openings of the interconnecting pores. Therefore, when 
it is joined with other components such as a separator, 
it provides a planar contact in the interface with the other 
50 components. The above-described porous structure 
and surface smoothness can be recognized from Figs. 
1 and 2 showing SEM images of the surface and the 
section, respectively, of a typical example of the carbon 
porous membranous structure according to the inven- 
ts tion. Having a smooth surface except for the pore open- 
ings as shown in Figs. 1 and 2, the carbon porous mem- 
branous structure of the invention provides a planar con- 
tact in a stack. 
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[0020] The carbon porous membranous structure as 
an electrode base material has an average pore diam- 
eter of 0.05 to 10 jLim, preferably 0.05 to 2 jum, on its 
surface. A surface average pore diameter less than 0.05 
jum results in a pressure loss, failing to distribute gas 
efficiently. If the surface average pore diameter exceeds 
10 jum, gas easily flows linearly, and it is difficult to dis- 
tribute gas evenly over a large area. 
[0021] The carbon porous membranous structure has 
a porosity of 15 to 85%, preferably 25 to 85%, still pref- 
erably 30 to 70%. The amount of flowing gas is insuffi- 
cient at a porosity less than 15%. A porosity more than 
85% makes the membranous structure mechanically 
weak. 

[0022] The carbon porous membranous structure 
suitably has a graphitization degree of 20% or more, 
preferably 30% or more, still preferably 50% or more, 
particularly preferably 60% or more, especially prefera- 
bly 80% or more, most preferably 90% or more. The 
structure having a graphitization degree of 20% or more, 
particularly 50 to 60% or even more exhibits increased 
mechanical strength and improved flexibility. Electrical 
and thermal conductivities are also improved. 
[0023] The carbon porous membranous structure is 
preferably prepared by carbonizing a highly heat-resist- 
ant porous polymer film having fine interconnecting 
pores and a smooth surface except for the pore open- 
ings on both sides thereof by heating in an oxygen-free 
atmosphere. A highly heat-resistant polymer is capable 
of retaining its porous structure on heating. 
[0024] The highly heat-resistant polymer is not partic- 
ularly limited as long as it is capable of forming a porous 
film with fine interconnecting pores and retaining such 
a porous structure after heat carbonization. Suitable pol- 
ymers include polyimide resins, polyamide resins, cel- 
lulosic resins, furfural resins, and phenolic resins. An ar- 
omatic polyimide is particularly preferred; for it easily 
provides a membranous structure of high mechanical 
strength on heat-carbonization. The term "aromatic 
polyimide" as used herein is intended to include not only 
aromatic polyimide in its narrow sense of term but aro- 
matic polyimide precursors, i.e., a polyamic acid and a 
partially imidated polyamic acid. The aromatic polyimide 
is preferably one comprising a monomer unit derived 
from a biphenyltetracarboxylic acid or an anhydride 
thereof. 

[0025] The highly heat-resistant polymer preferably 
has a glass transition temperature of 250 to 600°C. 
[0026] The highly heat-resistant polymer porous film 
is prepared conveniently by a so-called phase conver- 
sion method using a polymer solution. In a phase con- 
version method, a solution of a polymer in an organic 
solvent is cast on a carrier, e.g., a glass plate, and the 
cast film is immersed in a solvent which is compatible 
with the organic solvent but incapable of dissolving the 
polymer (a non-solvent for the polymer, such as an or- 
gan ic solvent or water), whereby the solvent is displaced 
with the non-solvent to cause phase separation and to 



form fine pores. A general phase conversion method 
provides a porous film but with a dense layer on the sur- 
face. The porous polymer film as intended in the present 
invention is preferably prepared by the phase conver- 

5 sion method disclosed in JP-A-1 1 -31 0658 and JP-A- 
2000-306568, in which the rate of solvent substitution is 
controlled by use of a "solvent substitution rate regulat- 
ing material" to easily obtain a porous film having fine 
interconnecting pores. JP-A-1 1 -31 0658 and JP-A- 

10 2000-306568 are to be regarded as part of the specifi- 
cation of the present invention. 

[0027] In some detail, a cast film having smooth sur- 
faces is formed of a polymer solution. A porous film as 
a "solvent substitution rate regulating material" is super- 
's posed on the cast film. The laminate is brought into con- 
tact with a non-solvent thereby to precipitate a porous 
polymer film while forming fine pores through phase 
separation. The porous polymer film thus prepared 
maintains the surface smoothness (except for the open- 
20 ings) of the original cast film. Thus there is easily ob- 
tained a porous polymer film having interconnecting 
pores and a smooth surface on both sides thereof ex- 
cept for the pore openings. 

[0028] The resulting highly heat-resistant porous pol- 
25 ymer film is carbonized by heating in an oxygen-free at- 
mosphere to give a carbon porous membranous struc- 
ture with the specific porous structure and a smooth sur- 
face except for the pore openings. The oxygen-free at- 
mosphere is not particularly limited and preferably in- 
30 eludes an inert gas (e.g., nitrogen, argon or helium gas) 
atmosphere and vacuum. 

[0029] In conducting heat carbonization, an abrupt 
temperature rise should be avoided. It may result in not 
only a reduced yield due to scattering of decomposition 
35 products and evaporation of carbon content but struc- 
tural defects. 

[0030] A suitable rate of temperature rise is 20°C/min 
or lower, particularly about 1 to 10°C/min, to conduct 
carbonization slowly. The heating temperature and the 

40 heating time are not particularly restricted as is consist- 
ent with sufficient carbonization. From the standpoint of 
increasing the graphitization degree and thereby im- 
proving mechanical strength and electrical and thermal 
conductivities, a preferred temperature range is from 

45 2400 to 3500°C, particularly 2600 to 3000°C, and a suit- 
able heating time is 20 to 180 minutes. 
[0031] It is desirable to apply pressure during the 
heating to increase the graphitization degree for obtain- 
ing a carbon material with high mechanical strength and 

50 high electrical and thermal conductivities. That is, pres- 
sure application is effective in suppressing dimensional 
change accompanying thermal shrinkage and increas- 
ing orientation of a portion that is being carbonized to 
accelerate graphitization. The pressure to be applied is 

55 preferably 1 to 250 MPa, still preferably 10 to 250 MPa, 
particularly preferably 100 to 250 MPa. Pressure appli- 
cation is suitably effected by means of a high-tempera- 
ture compressor or a hot isostatic press (HIP). 
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[0032] In order to accelerate graphitization, it is pref- 
erable to previously add to a polymer solution a com- 
pound effective in graphitization acceleration, such as 
a boron compound. The compound is added in the form 
of fine powder to the polymer solution to be cast to pro- 
vide a highly heat-resistant porous polymer film having 
the compound uniformly dispersed therein. 
[0033] It is possible but disadvantageous that heat- 
carbonization is performed for each polymer film, and 
the resulting carbonized films are stacked to a desired 
thickness because such a manner of preparation makes 
an interface between every adjacent films, which needs 
control of contact resistance, making handling compli- 
cated. Applying an adhesive to the interfaces can result 
in reductions of fuel cell performance. It is conceivable 
to use a phenolic adhesive, which is heated to carbonize 
afterward thereby to integrate, but a complicated treat- 
ment will be required. To the contrary, it is advantageous 
that a stack of a plurality of the polymer films is heated 
in an oxygen-free atmosphere to obtain an integral car- 
bon membranous structure. According to this method, 
carbon porous membranous structures of various thick- 
nesses made of the same material can be obtained with 
ease. A carbon porous membranous structure having a 
pore size gradient in its thickness direction can be pro- 
duced by this method by stacking porous polymer films 
different in pore size. 

[0034] The above-described carbon porous membra- 
nous structure, i.e., the electrode base material provides 
a gas diffusion electrode for fuel cell. The gas diffusion 
electrode can be produced by, for example, impregnat- 
ing the base material with a solution containing metal 
ions or a metal powder precursor, such as a metal com- 
plex, by immersion, etc., followed by chemical reduction 
with a reducing agent to have a catalyst loaded thereon. 
The metal ions include those of platinum group metals, 
such as platinum, rhodium, ruthenium, iridium, palladi- 
um, and osmium. The metal powder precursor includes 
platinum group ammine complexes represented by [M 
(NH 3 ) n ]X m (M: platinum group metal; X: CI or N0 3 ; n: 4 
or 6; m: 2, 4 or 6) and platinum group metal chlorides, 
such as potassium chloroplatinate (K 2 PtCI 4 ). 
[0035] Involving no heat application, the above-men- 
tioned process prevents metal atoms from agglomerat- 
ing due to diffusion, which is advantageous for support- 
ing catalytic metal particles on the nano level. Metal par- 
ticles on the nano level are those having a particle size 
of 100 nm or smaller, preferably 2 to 40 nm. 
[0036] Where the catalyst is supported in the above- 
described manner, it is preferable to bond functional 
groups to the surface of the carbon membranous struc- 
ture. Useful functional groups include a hydroxyl group, 
a carboxyl group, and a ketone group, with a hydroxyl 
group and a carboxyl group being preferred. 
[0037] While not particularly limiting, the amount of 
the functional groups to be bonded is preferably 1 to 5 
times, particularly 1 to 3 times, a desired loading of the 
metal (the amount of the supported metal) in case where 



the metal is to be supported via metal complex ions. 
[0038] The functional groups can be bonded to the 
surface of the carbon membranous structure by, for ex- 
ample, oxidation with an acid solvent, treatment with hy- 
5 drogen peroxide, or high-temperature treatment in air in 
the presence of steam. 

[0039] Compared with common carbon fiber sheet 
prepared by a papermaking technique, the electrode 
base material of the invention, having a large number of 

10 fine interconnecting pores, is capable of supporting a 
catalyst over a larger surface area to provide catalyst 
sites distributed broadly and uniformly for electrode re- 
actions, which is advantageous for realizing high-per- 
formance fuel cells. The electrode base material of the 

15 invention preferably has a surface resistance of 20 £1/ 
cm or less and a volume resistance of 20 £1 or less 

"A volume resistance" as used herein means "a 
resistance in the thickness direction (between the front 
and reverse surfaces)". 

20 [0040] The metal-dispersed carbon porous membra- 
nous structure according to the present invention com- 
prises the above-described carbon porous membra- 
nous structure and fine particles of at least one metal or 
alloy dispersed in the structure. 

25 [0041] The fine metal or alloy particles preferably 
have an average particle size of 1 to 10 nm. 
[0042] The at least one metal or alloy is preferably a 
noble metal or an alloy containing a noble metal. The 
noble metal includes platinum, palladium, and nickel, 

30 with platinum being preferred. 

[0043] The fine metal or alloy particles can be dis- 
persed in the porous carbon membranous structure by, 
for example, a vapor phase method such as vacuum 
deposition and a method using a solution of a metal pre- 

35 cursor. In the latter method, the carbon membranous 
structure is soaked in a metal precursor solution and 
dried as such to support the metal precursor. The metal 
precursor-loaded structure is then heat-treated in an in- 
ert gas atmosphere to reduce the metal precursor to a 

40 metal, followed by washing and drying. 

[0044] The metal precursor solution which can be 
used is prepared by, for example, dissolving an acety- 
lacetonatoplatinum complex in a water/methanol mixed 
solvent (1 :1 by weight) in a concentration preferably of 

45 o.1 to 5% by weight. 

[0045] The heat treatment in an inert gas atmosphere 
is preferably carried out at a temperature of 180 to 
1000°C. 

[0046] The metal-dispersed carbon porous membra- 
50 nous structure is preferably prepared by using the 
above-described carbon porous membranous structure 
having functional groups bonded to the surface thereof. 
In this case, the metal-dispersed carbon porous mem- 
branous structure is obtained by subjecting the function- 
55 al groups to ion-exchange with metal complex cations, 
followed by reduction. The metal complex cations are 
preferably noble metal complex cations. 
[0047] Ion-exchange between the functional groups 



5 



9 



EP 1 244 165 A2 



10 



and the metal complex cations is conducted by, for ex- 
ample, immersing the carbon membranous structure in 
a solution of a metal complex for an appropriate time, 
followed by washing with pure water. 
[0048] Reduction after the ion-exchange can be per- 
formed by, for example, chemical reduction or hydrogen 
reduction. In cases where the ion-exchange has been 
conducted with noble metal complex cations, the reduc- 
tion is achieved by heating in an inert gas atmosphere 
at a temperature above the complex decomposition 
temperature. 

[0049] It is preferred for the metal-dispersed carbon 
porous membranous structure of the present invention 
to have a surface resistance of 20 £2/cm or less and a 
volume resistance of 20 £1 or less. The metal-dispersed 
carbon porous membranous structure of the present in- 
vention is fit for use as an electrode for fuel cells. 
[0050] An electrode for fuel cells is prepared by im- 
mersing the metal-dispersed carbon porous membra- 
nous structure, wherein the metal is, for example, plat- 
inum, in a commercially available electrolyte solution, 
such as Nafion 501 2 (perfluorocarbon sulfonic acid pol- 
ymer solution available from E.I. du Pont de Nemours 
& Co., Inc.; polymer concentration: 5 wt%; solvent: 
methanol/isopropyl alcohol/water). Having a large 
number of fine interconnecting pores, the resulting elec- 
trode provides broadly and uniformly dispersed catalyst 
sites for electrode reactions, which is advantageous as 
an electrode of high-performance fuel cells. 
[0051] It is preferred for the electrode for fuel cells to 
have a surface resistance of 20 £2/cm or less and a vol- 
ume resistance of 20 £1 or less. 

[0052] The above-described electrode for fuel cells 
having the metal-dispersed carbon membranous struc- 
ture provides an MEA for fuel cells. The MEA can be 
produced in a usual manner. For example, the electrode 
and a commercially available polymer electrolyte mem- 
brane, such as Nafion 117 available from E.I. du Pont, 
are hot pressed at 120 to 150°C. 
[0053] The MEA of the present invention is suited to 
make a fuel cell. The fuel cell can be produced in a con- 
vention method. For example, the MEA is sandwiched 
in between separators commonly employed for fuel 
cells, such as a carbon plate having fuel gas channels 
on one side thereof, to make a solid polymer electrolyte 
fuel cell. 

[0054] The present invention will now be illustrated in 
greater detail with reference to Examples, in which an 
aromatic polyimide is used as a suitable highly heat-re- 
sistant polymer. It should be understood, however, that 
the present invention is not construed as being limited 
to Examples. 

[0055] In Examples, air permeance, porosity, average 
pore size, graphitization degree, and fuel cell perform- 
ance were evaluated in accordance with the following 
methods. 



(1 ) Air permeance 

[0056] Measurement was made in accordance with 
JIS P81 1 7 with a Gurley Densometer Model B (supplied 

5 by Toyo Seiki). A sample membrane was clamped on a 
circular orifice (diameter: 28.6 mm; area: 645 mm 2 ), and 
air in a cylinder was made to flow out of the cylinder 
through the orifice under the load of an inner cylinder 
weight (567 g). The time required for 1 00 ml of air to flow 

10 was taken as a permeance (Gurley value). 

(2) Porosity 

[0057] The thickness, area and weight of a cut piece 
15 of a membrane were measured. Porosity was obtained 
from the calculated basis weight according to the follow- 
ing equation. 

20 Porosity (%) = [1 -W/(SxdxD)]x1 00 

wherein S is a membrane area; d is a membrane thick- 
ness; W is a membrane weight; and D is a density. The 
density of the aromatic polyimide used was 1.34. The 
25 density of a carbon membranous structure was calcu- 
lated for every sample taking the graphitization degree 
according to the method hereinafter described into ac- 
count. 

30 (3) Average pore size 

[0058] The surface of a sample membrane was pho- 
tographed under an SEM. The area of at least 50 pore 
openings was measured to obtain an average pore ar- 
35 ea. An average circle-equivalent diameter was obtained 
therefrom according to equation: 

Average pore size = 2x(SaAn;) 1/2 

40 

wherein Sa is an average pore area. 

(4) Graphitization degree 

45 [0059] Measured from an XRD pattern according to 
Ruland's method. 

(5) Evaluation of fuel cell performance 

50 [0060] Current-potential characteristics were meas- 
ured under the following conditions. Fuel gas: hydrogen 
having a humidity of 70%. Oxidant gas: air. Cell working 
temperature: 70°C. Pressure difference between reac- 
tant gas feed and exhaust: 0.1 kgf/cm 2 . Measurement 
55 was made after the cell was operated for 1 hour in a 
steady state to confirm sufficient stability of the opera- 
tion. 
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EXAMPLE 1 

Preparation of polyimide porous film: 

[0061] 3,3',4,4'-Biphenyltetracarboxylic acid dianhy- 
dride (s-BPDA) as a tetracarboxylic acid component and 
p-phenylenediamine (PPD) as a diamine component 
were dissolved in N-metyl-2-pyrrolidone (NMP) at a 
PPD:s-BPDA molar ratio of 1 : 0.998 to prepare a mon- 
omer solution having a total monomer concentration of 
10 wt%. The monomer solution was polymerized at 
40°C for 10 hours to prepare a polyamic acid solution 
as a polyimide precursor. The polyamic acid solution 
had a solution viscosity of 7000 P as measured with a 
cone-plate viscometer at 25°C. 

[0062] The polyamic acid solution was cast on a mir- 
ror-polished stainless steel plate to a thickness of about 
100 \im. The surface of the cast film was covered with 
a microporous polyolefin film having an air permeance 
of 550 sec/100 ml (U-Pore UP2015, available from Ube 
Industries, Ltd.) as a solvent substitution rate regulating 
material, taking care not to make wrinkles. The laminate 
was immersed in 2-propanol for 5 minutes, whereby the 
solvents were exchanged via the solvent substitution 
rate regulating material to precipitate a polyamic acid 
film having a porous structure with fine interconnecting 
pores and a smooth surface except for pore openings. 
[0063] The resulting polyamic acid film was immersed 
in water for 15 minutes and then peeled from the stain- 
less steel plate and the solvent substitution rate regu- 
lating material, fixed on a pin tentor, and heat-treated in 
air at 400°C for 30 minutes to obtain a polyimide porous 
film. The resulting polyimide porous film was found to 
have a degree of imidation of 70%, a thickness of 30 
|Lim, an air permeance of 200 sec/100 ml, a porosity of 
55%, and an average pore size of 0.35 \xm. SEM images 
taken of the surface and the section of the film revealed 
fine interconnecting pores across the film thickness. 

Preparation of carbon porous membranous structure: 

[0064] The porous polyimide film prepared above was 
sandwiched in between air-permeable carbon sheets 
and heated in a nitrogen gas stream at a rate of temper- 
ature rise of 1 0°C/min from 20°C up to 1 200°C, at which 
the film was kept for 120 minutes. After temperature 
drop, the resulting carbon porous membranous struc- 
ture (carbonized membrane) was dull and yet glossy 
and retained the flat outer shape before carbonization 
with no breakage. The SEM images taken of the surface 
and the section of the structure are shown in Figs. 1 and 
2, respectively. The structure had an average pore size 
of 0.28 \im, which was smaller than before carboniza- 
tion, a porosity of 53%, a thickness of 24 jum, and an air 
permeance of 190 sec/100 ml. An XRD pattern of the 
structure showed that the carbonized membrane slightly 
assumed a crystalline phase. The degree of crystalliza- 
tion (the graphitization degree) as obtained by Ruland's 



method was 28%. It was confirmed that the membra- 
nous structure had fine interconnecting pores from an 
SEM image taken of the section and from the fact that 
methanol passed through the structure. 

5 

Preparation of Pt-loaded carbon porous membranous 
structure (metal-dispersed carbon membranous 
structure): 

10 [0065] Potassium chloroplatinate (K 2 PtCI 4 ) was dis- 
solved in a pure water/methanol mixed solvent (60/40 
by weight) in a concentration of 2 wt% to prepare a plat- 
inum precursor solution. The platinum precursor solu- 
tion was put into a petri dish to a height of about 3 mm, 

15 and the carbon porous membranous structure prepared 
above was completely soaked therein. The petri dish 
was covered with filter paper and allowed to stand in an 
atmosphere at 20°C and a humidity of 30% for 48 hours. 
The solvent in the dish evaporated to dryness in 48 

20 hours. 

[0066] A 2 wt% solution of sodium borohydride 
(NaBH 4 ) in a pure water/methanol mixed solvent (60/40 
by weight) was poured into the petri dish containing the 
carbon porous membranous structure, and the system 

25 was left to stand for 20 minutes to reduce the platinum 
precursor to platinum. After diluting the solution in the 
dish with pure water, the carbon porous membranous 
structure was taken out, washed with pure water, and 
dried at 90°C in vacuo to obtain a Pt-loaded carbon po- 

30 rous membranous structure. 

Characterization: 

[0067] The resulting Pt-loaded carbon porous mem- 

35 branous structure was observed under an SEM. The 
SEM image is shown in Fig. 3. The white finely dis- 
persed particles in the SEM image were identified to be 
platinum by electron probe microanalysis (EPMA). Im- 
purity elements other than platinum and carbon in the 

40 membranous structure were below the detection limits. 
As a result of SEM observation, the platinum particles 
were found dispersed finely and uniformly on the sur- 
faces of the membrane and on the inner walls of the in- 
terconnecting pores. The membranous structure was al- 

45 so observed under a TEM. The TEM photograph is 
shown in Fig. 4. The sample under TEM observation 
was prepared by grinding the membranous structure in 
a silicon nitride mortar together with butanol, and the 
supernatant liquid of the resulting dispersion was 

50 poured onto a microgrid for TEM observation having 
carbon deposited thereon. A transmission electron dif- 
fraction (TED) image of the sample is shown in Fig. 5. 
It is seen from the TED image that the platinum had crys- 
tallized. It is also confirmed that the platinum particle 

55 size is several tens of nanometers. From these results 
combined with the procedures taken to prepare the 
sample for TEM observation, it is obviously recognized 
that the loaded platinum particles have such adhesion 
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not to separate easily from the supporting carbon con- 
ceivably because of certain interaction therebetween. 
[0068] The electrical resistance of the Pt-loaded car- 
bon porous membranous structure was measured with 
a two-point contact type tester. The surface resistance 
and the volume resistance were 7.5 £2/cm and 3 re- 
spectively. 

COMPARATIVE EXAMPLE 1 

[0069] The electrical resistance of a catalyst-loaded 
electrode EC-20-10-7 available from ElectroChem, Inc., 
wherein one side of a carbon paper (TGP-H-090, avail- 
able from Toray International Industries, Inc.) was coat- 
ed with a platinum-loaded carbon powder with a binder 
resin, was measured with a two-point contact type test- 
er. The surface resistance of the platinum-loaded sur- 
face and the volume resistance were 30 £2/cm and 35 
to 65 £1, respectively. 

COMPARATIVE EXAMPLE 2 

[0070] Carbon fiber having a diameter of 7 jwm was 
treated in the same manner as in Example 1 in place of 
the carbon porous membranous structure in an attempt 
to support platinum particles thereon. The resulting fiber 
was observed under an SEM to scarcely find platinum 
particles. A fluffy substance was found attached to the 
fibers, which was identified to be a non-reduced plati- 
num precursor as a result of elementary analysis, and 
the like. 

COMPARATIVE EXAMPLE 3 

[0071] Carbon black having an arithmetic average 
particle size of 9 nm was treated in the same manner as 
in Example 1 in place of the carbon porous membranous 
structure in an attempt to support platinum particles 
thereon. As a result of SEM observation and EPMA, the 
resulting carbon black was found to have platinum fine 
particles and a fluffy non-reduced platinum precursor at- 
tached thereon. 

EXAMPLE 2 

Preparation of polyimide porous film: 

[0072] s-BPDA as a tetracarboxylic acid component 
and PPD as a diamine component were dissolved in 
NMP at a PPD:s-BPDA molar ratio of 1 : 0.999 to prepare 
a monomer solution having a total monomer concentra- 
tion of 8.5 wt%. The monomer solution was polymerized 
at 40°C for 1 5 hours to prepare a polyamic acid solution 
as a polyimide precursor. The polyamic acid solution 
had a solution viscosity of 600 P as measured with a 
cone-plate viscometer at 25°C. 

[0073] The polyamic acid solution was cast on a mir- 
ror-polished stainless steel plate to a thickness of about 



100 jam. The surface of the cast film was covered with 
a microporous polyolefin film having an air permeance 
of 550 sec/1 00 ml (U-Pore UP2015, available from Ube 
Industries, Ltd.) as a solvent substitution rate regulating 

5 material, taking care not to form wrinkles. The laminate 
was immersed in 1 -propanol for 7 minutes, whereby the 
solvents were exchanged via the solvent substitution 
rate regulating material to precipitate a polyamic acid 
film having a porous structure with fine interconnecting 

10 pores and a smooth surface except for pore openings. 
[0074] The resulting polyamic acid porous film was 
immersed in water for 1 0 minutes and then peeled from 
the stainless steel plate and the solvent substitution rate 
regulating material, fixed on a pin tentor, and heat-treat- 

15 ed in air at 400°C for 20 minutes to obtain a polyimide 
porous film. The resulting polyimide porous film had a 
degree of imidation of 70%, a thickness of 27 jwn, an air 
permeance of 360 sec/100 ml, a porosity of 51%, and 
an average pore size of 0.17 jum. 

20 

Preparation of carbon porous membranous structure 
and Pt-loaded carbon porous membranous structure 
(metal-dispersed carbon membranous structure): 

25 [0075] The polyimide porous film prepared above was 
carbonized by heating in an inert gas stream at a rate 
of temperature rise of 1 0°C/min from room temperature 
up to 1 400°C, at which the film was kept for 1 .5 hours 
to obtain a carbon porous membranous structure. The 

30 structure had a thickness of 22 jam, an air permeance 
of 350 sec/100 ml, a porosity of 48%, an average pore 
size of 0.14 |um, and a graphitization degree of 34%. 
[0076] The carbon porous membranous structure 
was soaked in a 1 wt% platinum precursor solution pre- 

35 pared by dissolving an acetylacetonatoplatinum com- 
plex in a pure water/methanol mixed solvent (1/1 by 
weight) and allowed to dry at room temperature to pre- 
pare a platinum precursor-loaded structure. The struc- 
ture was heated at 1100°C in an inert gas atmosphere 

40 to reduce the platinum precursor, thoroughly washed 
with a pure water/methanol mixed solvent, and dried to 
obtain a Pt-loaded carbon porous membranous struc- 
ture. As a result of SEM and TEM observation, it was 
confirmed that platinum fine particles had been loaded 

45 on the structure. The platinum loading was calculated 
at 0.02 mg/cm 2 from the results of elementary analysis 
by inductively coupled plasma-atomic emission spec- 
troscopy (ICP-AES), the thickness of the carbon porous 
membrane, etc. 

50 

Preparation of MEA: 

[0077] The Pt-loaded carbon porous membranous 
structure was immersed in a commercially available 
55 electrolyte solution Nation 5012 (perfluorocarbon sul- 
fonic acid polymer solution available from Du Pont; pol- 
ymer concentration: 5 wt%; solvent: methanol/isopropyl 
alcohol/water) and dried to prepare an electrode having 
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a thin film of Nafion on the surface. The electrode and 
a commercially available electrolyte membrane Nation 
1 1 7 (available from Du Pont) were hot-pressed at a tem- 
perature of 110 to 150°C to obtain an MEA having an 
area of 25 cm 2 . 

COMPARATIVE EXAMPLE 4 

[0078] A commercially available 20 wt% Pt-loaded 
carbon powder, a commercially available 5 wt% Nafion 
solution, and a polytetrafluoroethylene (PTFE) disper- 
sion were mixed at a weight ratio of 4:3:2 into paste. The 
paste was evenly applied to both sides of a commercial- 
ly available electrolyte membrane Nafion 117 (from E.I. 
du Pont) at a Pt spread of 0.5 mg/cm 2 /side and dried at 
1 1 0°C to obtain an MEA having an area of 25 cm 2 . 

EXAMPLE 3 

[0079] Each of the MEAs prepared in Example 2 and 
Comparative Example 4 was assembled into a fuel cell, 
and the current-potential characteristics of the cell were 
measured. As a result, the output at 0.35 V was 80 mA/ 
cm 2 and 430 mA/cm 2 , respectively. These results, con- 
verted on the basis of unit platinum loadings, corre- 
spond to 4000 A/g (Example 2) and 860 A/g (Compar- 
ative Example 4). The apparent activity per unit weight 
of the platinum catalyst of Example 2 is thus estimated 
at 4.5 times or more that attained in Comparative Ex- 
ample 4. 

EXAMPLE 4 

[0080] The carbon porous membranous structure 
prepared in Example 2 was immersed in a 0.4 mol/l so- 
lution of potassium permanganate in a 35 wt% aqueous 
nitric acid solution at 70°C for 3 hours to impart func- 
tional groups such as a hydroxyl group and a carboxyl 
group to the surface of the carbon structure. The struc- 
ture was thoroughly washed with distilled water and 
dried. The structure was then immersed in an aqueous 
solution containing 3 g/l of tetraammineplatinum (II) 
chloride for at least 2 hours to load the structure with a 
platinum precursor by ion-exchange. The platinum pre- 
cursor was reduced with an aqueous sodium borohy- 
dride solution to obtain a Pt-loaded carbon porous mem- 
branous structure (1.6 wt% Pt loading). The Pt-loaded 
structure was post heat-treated at 1 000°C for 1 .5 hours 
in an inertgas atmosphere to adjustthe platinum particle 
size. SEM and TEM observation revealed that the plat- 
inum atoms were dispersed uniformly. The SEM image 
taken of the surface of the post heat-treated Pt-loaded 
carbon porous membranous structure is shown in Fig. 6. 

EXAMPLE 5 

[0081] A perfluorocarbon sulfonic acid polymer solu- 
tion Nafion 5012 available from I.E. du Pont (polymer 



concentration: 5 wt%; solvent: methanol/isopropyl alco- 
hol/water; equivalent weight: 11 00) was treated in a vac- 
uum evaporator to remove the main solvent. The pre- 
cipitated solid polymer was dissolved in a water/N,N- 
5 dimethylformamide mixed solvent (1/2 by volume) to 
prepare a polyelectrolyte solution having a polymer con- 
tent of 1 wt%. The polyelectrolyte solution was applied 
to the surface of the post heat-treated Pt-loaded carbon 
porous membranous structure prepared in Example 4. 
10 The resulting electrode having a Nafion coat was hot- 
pressed onto a commercially available electrolyte mem- 
brane Nafion 1 1 7 (available from E. I. du Pont) at a tem- 
perature of 110 to 130°C to obtain an MEA having an 
area of 25 cm 2 . The resulting MEA was assembled into 
15 a fuel cell. As a result of performance evaluation, the 
electrode produced an output of 1 90 mA/cm 2 at 0.35 V. 
[0082] The present invention produces the following 
effects. The carbon porous membranous structure as 
an electrode base material has a porous structure with 
20 fine interconnecting pores and a smooth surface except 
for pore openings on both sides thereof. It is capable of 
supporting catalytic metal particles at the nano level. 
Therefore, when assembled into a fuel cell as an elec- 
trode base material, it provides a planar contact with oth- 
25 er components in a stack to reduce a contact resistance 
and a heat loss at the interface and allows reactant gas- 
es to be evenly distributed over a large area thereby 
causing catalytic reactions more efficiently. 
[0083] The metal-dispersed carbon porous membra- 
30 nous structure according to the invention brings about 
improved electron conductivity when used as an elec- 
trode for a fuel cell and thereby reduces the internal re- 
sistance of the electrode. As a result, fuel cells of higher 
performance with greatly reduced polarization com- 
35 pared with those having conventional electrodes can be 
fabricated. 

[0084] The metal-dispersed carbon porous membra- 
nous structure surely secures passages for electrons, 
protons and reactant gases to provide an MEA having 
40 electrode reaction sites distributed in three dimensions. 
It brings about marked improvement on apparent activ- 
ity of an expensive noble metal catalyst. Especially in 
an oxygen pole it surely secures passages to discharge 
water produced by a reaction, so that polarization can 
45 be greatly reduced. It provides a solid polymer electro- 
lyte fuel cell having a high power generation efficiency 
per unit area. 

[0085] The invention being thus described, it will be 
obvious that the same may be varied in many ways. 
50 Such variations are not to be regarded as a departure 
from the spirit and scope of the invention, and all such 
modifications as would be obvious to one skilled in the 
art are intended to be included within the scope of the 
following claims. 
55 [0086] This application claims the priority of Japanese 
Patent Application Nos. 2001-78497 filed MArch 19, 
2001, 2001-322927 filed October 22, 2001 and 
2001-322932 filed October 22, 2001, which are incor- 
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porated herein by reference. 
Claims 

1. An electrode base material for fuel cells which is a 
carbon porous membranous structure having fine 
interconnecting pores an average diameter of 
which is 0.05 to 1 0 jum and a porosity of 1 5 to 85%. 

2. The electrode base material for fuel cells according 
to claim 1, wherein said carbon porous membra- 
nous structure has a smooth surface except for pore 
openings on both sides thereof. 

3. The electrode base material for fuel cells according 
to claims 1 or 2, wherein said carbon porous mem- 
branous structure has a graphitization degree of 
20% or more. 

4. The electrode base material for fuel cells according 
to any one of the preceding claims, wherein said 
carbon porous membranous structure is obtainable 
by carbonizing a highly heat-resistant porous poly- 
mer film having a glass transition temperature of 
250 to 600°C by heating in an oxygen-free atmos- 
phere thereby obtaining an integral structure. 

5. The electrode base material for fuel cells according 
to claim 4, wherein said carbon porous membra- 
nous structure is obtainable by carbonizing a stack 
of a plurality of said highly heat-resistant porous pol- 
ymer films by heating in an oxygen-free atmosphere 
thereby integrating. 

6. The electrode base material for fuel cells according 
to claim 4 or 5, wherein said highly heat-resistant 
polymer is a polyimide. 

7. The electrode base material for fuel cells according 
to claim 6, wherein said polyimide is a polyimide 
comprising a monomer unit derived from a biphe- 
nyltetracarboxylic acid or an anhydride thereof. 

8. The electrode base material for fuel cells according 
to any one of the preceding claims, wherein said 
carbon porous membranous structure has function- 
al groups bonded to the surface thereof. 

9. The electrode base material for fuel cells according 
to any one of the preceding claims, which has a sur- 
face resistance of 20 £2/cm or less and a volume 
resistance of 20 £1 or less. 

10. A metal-dispersed carbon porous membranous 
structure which comprises a carbon porous mem- 
branous structure having fine interconnecting pores 
an average diameter of which is 0.05 to 1 0 jum and 



a porosity of 1 5 to 85%, and fine particles of at least 
one metal or alloy dispersed in said structure. 

11. The metal-dispersed carbon porous membranous 
5 structure according to claim 1 0, wherein the poros- 
ity is 25 to 85%. 

12. The metal-dispersed carbon porous membranous 
structure according to claims 1 0 or 1 1 , wherein said 

10 fine particles have an average particle size of 1 to 
10 nm. 

13. The metal-dispersed carbon porous membranous 
structure according to any one of the preceding 

15 claims, wherein said at least one metal or alloy is a 
noble metal or an alloy containing a noble metal. 

14. The metal-dispersed carbon porous membranous 
structure according to any one of the preceding 

20 claims, wherein said carbon porous membranous 
structure has functional groups bonded to the sur- 
face thereof. 

15. The metal-dispersed carbon porous membranous 
25 structure according to claim 1 4, wherein said metal- 
dispersed carbon porous membranous structure is 
obtainable by subjecting said functional groups to 
ion-exchange with at least one kind of metal com- 
plex cations and then reducing thereby making met- 

30 al fine particles be dispersed in said carbon porous 
membranous structure. 

16. The metal-dispersed carbon porous membranous 
structure according to claim 15, wherein said metal 

35 complex cations are noble metal complex cations. 

17. The metal-dispersed carbon porous membranous 
structure according to any one of the preceding 
claims, which has a surface resistance of 20 £2/cm 

40 or less and a volume resistance of 20 £2 or less. 

18. An electrode for fuel cells having the metal-dis- 
persed carbon porous membranous structure ac- 
cording to any one of claims 1 0 to 1 7. 

45 

19. The electrode for fuel cells according to claim 18, 
which has a surface resistance of 20 £2/cm or less 
and a volume resistance of 20 CI or less. 

50 20. An electrolyte membrane-gas diffusion electrode 
assembly for fuel cells which has the electrode ac- 
cording to claims 18 or 19. 

21. A fuel cell having the electrode according to claims 
55 18 or 19. 

22. A metal catalyst supported on a carbon structure, 
wherein said carbon structure is the metal-dis- 
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persed carbon porous membranous structure ac- 
cording to any one of claims 1 0 to 17. 
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